Facts
=====

Apoptosis has a crucial role in a variety of morphogenetic events.Apoptosis can either shape an organ by the simple elimination of cells that are no longer required, without inducing tissue remodeling (e.g. digit individualization), or participate in morphogenesis by inducing cellular reorganization in the surrounding tissue (e.g. dorsal closure or genitalia rotation).In normal conditions, apoptotic cells induce the formation of an actomyosin ring in their neighbors for their extrusion.In stress conditions, apoptotic cells can also produce mitotic signals to induce compensatory proliferation.Depending on the context, apoptosis can either generate a pulling force or act as a biological scissor to release the neighboring tissue.

Open Questions
==============

How is the communication between apoptotic cells and their surroundings established?What kind of signal is sent by the apoptotic cells?What is the participation of dying cell elimination in tissue remodeling?Is the communication between apoptotic cells and their neighbors dependent on the type of morphogenetic event?

The term 'apoptosis\' was introduced by Kerr *et al.*^[@bib1]^ to describe naturally occurring cell death in mammalian tissues. Since then, work in various model organisms has been instrumental in gaining insights into the mechanism and regulation of apoptosis, and in identifying the diverse biological roles of this process. The apoptotic pathway was first characterized in *C. elegans* where somatic cell death occurs in an invariant, cell lineage-directed pattern. In this organism, programmed cell death allows a single-cell lineage program to operate in each sex or in different parts of the animal, with only minor modifications (for review, see^[@bib2]^). In other organisms, including insects and mammals, apoptosis is epigenetically regulated and is also important for the removal of potentially harmful cells. In addition, apoptosis can function in a variety of morphogenetic events, such as, digits individualization.^[@bib3]^

Cells undergoing apoptosis show a series of well-characterized physical changes such as plasma membrane blebbing, permeabilization of the mitochondrial outer membrane, DNA fragmentation, nucleus disintegration and eventually cell disintegration into apoptotic bodies that are then engulfed and degraded by phagocytes. These steps involve a conserved molecular program that leads to the activation of caspases, a family of cysteine proteases that proteolyses numerous substrates in dying cells to facilitate cell clearance.^[@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^

The rearrangement of cytoskeletal elements during apoptosis is well documented. Actin is first reorganized into a peripheral ring that contracts with the collaboration of myosin II to form dynamic membrane protrusions or blebs. Subsequently, blebbing stops, actin depolymerizes and apoptotic bodies are formed. Intermediate filaments, such as lamins, are also modified during apoptosis. Finally, microtubules, first depolymerized in early stage apoptosis, reform during later stages and appear to assist fragmentation at least in some cell types.^[@bib11]^

Interestingly, caspases are key mediators of cell degradation during apoptosis, but are also involved in non-apoptotic cellular remodeling, such as spermatid individualization, macrophage differentiation, cornification, skeletal differentiation, erythropoiesis and lens cells differentiation. This highlights an important role of caspases in controlling cell-shape modification in apoptotic or non-apoptotic processes.^[@bib12]^

At the cellular level, considerable progress has been made in understanding the key biochemical steps during apoptosis. However, much remains to be learned about how the striking cellular reorganization and loss of cells affect the surrounding tissue. Here, we review advances in understanding how apoptosis helps in shaping organs and body structure during animal morphogenesis.

Sculpting with Apoptosis
========================

Digit individualization is the oldest model of programmed cell death in vertebrates and is considered the classical morphogenetic example for how programmed cell death sculpts an organ (recently reviewed in Hernandez-Martinez *et al.*^[@bib13]^ The very restricted cell death pattern in the developing limb suggests that the degeneration of a preformed interdigital tissue is required to free the digits. In agreement with this model, species with webbed limbs, such as the duck^[@bib14]^ and the bat,^[@bib15]^ show scarce cell death in the interdigit region. Initial data came from the observation of digit malformations linked to an aberrant cell death pattern in the interdigital webs. In these mutants, the lack of cell death in specific web regions leads to the fusion of the corresponding digits or syndactyly. Interestingly, the defect in cell death pattern has no impact on skeleton formation and can be rescued by retinoic acid-induced cell death.^[@bib3]^ These studies have lead to 'the sculpting model\' in which free digit formation results from the elimination of the interdigital tissue by apoptosis. In this process, the role of apoptosis can be compared with the work of a stone sculptor who shapes stone by progressively chipping off small fragments of material from a crude block, eventually creating a form ([Figure 1](#fig1){ref-type="fig"}). Here, the major purpose of apoptosis is to eliminate excessive cells, to reveal a new shape in the tissue. It seems that during digits individualization, apoptosis has little effect on the surrounding tissue. However, the expression of matrix metalloproteinases (MMP11 and stromelysin), enzymes involved in extracellular matrix degradation, coincides with the appearance of apoptotic cells in interdigital regions, and could be involved in the final remodeling of the digits.^[@bib16],\ [@bib17]^ Consistently, in the context of other developmental phenomena, there is evidence that apoptosis can more actively induce the remodeling of the surrounding cells to shape the tissue. For example, it is becoming increasingly clear that the elimination of excess and abnormal neuronal connections during vertebrate nervous system development has direct implications on the organization and maintenance of optimal brain function.^[@bib18]^ Likewise, apoptosis seems to have a more active role during amphibian metamorphosis, including larval to adult remodeling of organs such as the brain^[@bib19],\ [@bib20]^ and the intestine.^[@bib21]^ Apoptosis occurs at the onset of intestinal remodeling and coincides with extracellular matrix reorganization in this tissue, suggesting that it may also have a role in shaping the adult intestine. More direct evidence for the influence of apoptotic cells on their microenvironment has come from Cuervo and Covarrubias.^[@bib22]^ who have shown that during vertebrate palate formation, the fusion of both palate shelves requires the degradation of the extracellular matrix in response to local apoptosis. Interestingly, extracellular matrix remodeling also coincides with abundant cell death in other developmental models like amphibian intestine remodeling or digits individualization, suggesting that extracellular matrix redistribution through apoptosis could be a general mechanism involved in morphogenesis.^[@bib13],\ [@bib21]^ Finally, a direct implication of apoptosis in tissue remodeling has come from the segmentation of *Drosophila* embryo^[@bib23]^ and the morphogenetic model of leg joint formation in *Drosophila,*^[@bib24]^ in which, localized programmed cell death in a monolayer epithelium is required to create a fold in the epithelium. In both cases, in the absence of apoptosis, fold formation is impaired. In digit formation, the elimination of cells from the whole interdigital zone is sufficient to explain digit sculpting: part of the tissue is destroyed without affecting the living cells forming the digits, thus revealing a new shape. However, in the case of embryo segmentation or leg joint formation, the cellular mechanism must be different. Here, a few cells are dying in a monolayer epithelium and the epithelial barrier must be maintained while the dying cells are eliminated. Epithelial integrity is maintained by the reorganization of the neighboring cells, filling the gap that would be created by the removal of dead cells and restoring a flat epithelium. Thus, the fold cannot be the direct consequence of dead cell elimination creating a 'hole\' in the tissue. It may rely on cell shape remodeling of the non-dying cells that will create the fold in response to a signal coming from the dying cells.

Collectively, these studies have revealed that apoptotic cells profoundly influence their environment to promote morphogenetic changes. However, the precise nature of the underlying signals and their mechanisms remain to be discovered.

Communication Between Dying Cells and their Surroundings
========================================================

A number of studies have focused on the communication between dying cells and their neighbors. Original efforts were concentrated on identifying 'find-me\' signals that apoptotic cells use to attract phagocytes which then migrate towards apoptotic cells. These cells will then communicate an 'eat-me\' signal in order to be removed by phagocytes. The fact that phagocytes are often at a certain distance from the place where cells are dying indicates that dying cells are able to send a long range signal to their surroundings.^[@bib25]^

Another interesting set of data focused on the direct interaction of dying cells and their neighbors. Initially, Rosenblatt *et al.*^[@bib26]^ have shown that apoptotic cells communicate with their direct surrounding for their proper extrusion from an epithelium. Cell extrusion relies on the formation of an actomyosin ring both in the apoptotic cell and in its direct neighbors. The contraction of the ring squeezes the dying cell out of the epithelium, either apically or basally, depending on the localization of the actomyosin ring.^[@bib27]^ This extrusion depends on a pathway involving the production of a lipid, sphingosine 1 phosphate (S1P) by the dying cell, binding of S1P to its receptor S1P2 on neighboring cells and the subsequent activation of Rho by 115RhoGEF that induces myosin reorganization and ring formation.^[@bib28]^ Altogether, these data demonstrate the direct influence of apoptotic cells on the cytoskeleton of neighboring cells.

Further insights into the ability of dying cells to communicate came from studies of stress-induced apoptosis in *Drosophila*. These studies revealed that cells stimulated to undergo apoptosis in response to stress or injury can produce mitogenic signals to promote the proliferation of surrounding living cells.^[@bib29],\ [@bib30],\ [@bib31],\ [@bib32],\ [@bib33]^ Under these circumstances, apoptotic cells can transcriptionally activate signaling genes, including *wingless (wg)* and *decapentaplegic (dpp),* which have a known role in stimulating cell proliferation (reviewed in Bermann A *et al*^[@bib34]^). If cells are stimulated to undergo apoptosis but kept alive with an effector caspase inhibitor, these 'undead cells\' secrete excessive amounts of mitogens that cause hyperplastic disc growth, and this overgrowth requires *wg* and *dpp*.^[@bib32]^ Both the JNK pathway and p53 have a critical role in this response.^[@bib34],\ [@bib35]^

The ability of apoptotic cells to secrete mitogenic factors has many interesting potential implications for wound healing, tissue regeneration and tumor development. Direct support for the idea that apoptotic cells release mitogenic signals to stimulate tissue regeneration has come from diverse models, including hydra, xenopus, planaria, newts and mice (reviewed in.^[@bib12]^ For example, in hydra, apoptotic cells stimulate the formation of a new head after amputation in a Wnt3-dependent manner, and factors secreted by apoptotic cells can stimulate stem cell proliferation, tissue repair and tumor growth in mammals.^[@bib36],\ [@bib37],\ [@bib38],\ [@bib39]^ Interestingly, in *Drosophila*, p53 is involved not only in apoptosis-induced proliferation that is provoked by stress, but also in the regulation of primordial germ cells number during normal development.^[@bib40]^ Therefore, it is possible that apoptosis-induced proliferation is not restricted to stress-induced paradigms and that similar mechanisms may operate to generate proliferative signals during normal development.

Altogether, these examples illustrate the existence of extensive communication networks between apoptotic cells and their surviving neighbors. However, much remains to be learned about how apoptosis acts during normal development to actively induce tissue modification, and to what extent signals involved in injury and stress paradigms also contribute to normal development and morphogenesis.

Functions of Apoptosis as a Force Generator and Brake-releaser
==============================================================

Apoptosis can generate a pulling force to regulate the speed of cell migration
------------------------------------------------------------------------------

A few years ago, an active mechanical function of apoptosis was revealed during *Drosophila* dorsal closure, a powerful model system to study wound healing *in vivo*.^[@bib41],\ [@bib42]^ Dorsal closure is a morphogenetic process taking place at the end of embryogenesis. Before dorsal closure, only the ventral and lateral surfaces of the embryo are covered by epidermal cells, whereas the dorsal side is covered by the amnioserosa, a transient tissue that is eventually eliminated. During dorsal closure, the lateral epidermis moves dorsalward to cover the amnioserosa. This morphogenetic process is accompanied by cellular elongation and formation of an acting cable in the leading edge, the most dorsal row of lateral epidermis.^[@bib43],\ [@bib44]^ Synchronized cellular forces from both the contracting amnioserosa and the migrating dorsal epithelium, which tightly contacts the amnioserosa throughout the process, contribute to the movement. Interestingly, a small fraction of cells from the amniosera (around 10%) were shown to constrict their apical surface and drop out of the amnioserosa surface plane.^[@bib45]^ More recently, Toyama *et al.*^[@bib42]^ showed that these cells present all the hallmarks of apoptosis, including blebbing and fragmentation, and that they induce cell-shape modification of their neighbors. Furthermore, apoptosis has an active role in regulating the speed of dorsal closure; if apoptosis is inhibited in the amniosera, closure is delayed and the force produced by the amnioserosa on the dorsal epithelium is reduced. In contrast, ectopic induction of apoptosis can accelerate the movement.^[@bib41],\ [@bib42]^ Therefore, in this system, apoptosis has an active role in promoting tissue dynamics, though it is not strictly essential for this process. Although the precise underlying molecular mechanisms remain to be elucidated, one can speculate that the modification of the actomyosin network in the neighboring cells through, for instance, the formation of actomyosin extrusion rings, creates a pulling force that is propagated throughout the amnioserosa to the epidermis, thus enhancing the movement ([Figure 2](#fig2){ref-type="fig"}).

Interestingly, a recent study suggests that apoptosis may have a similar function during neural tube closure in mouse. Large amounts of apoptotic cells were originally observed during neural tube closure.^[@bib46]^ More recently, the dynamic pattern of apoptosis has been determined in this tissue, revealing extensive apoptosis in the dorsal ridge of the neural plates and in the boundary domain between neural plates and surface ectoderm. Similar to what is observed during dorsal closure in *Drosophila*, apoptosis does not seem to be essential for neural tube closure, but is required for accelerating the process and ensure zipping.^[@bib47]^

Role of apoptosis in tissue-brake release
-----------------------------------------

More recently, apoptosis has been shown to act as a 'brake-release\' signal during genitalia rotation in *Drosophila*, a developmental process that involves dramatic tissue rearrangement.^[@bib48]^ Genitalia rotation occurs during the development of the male fly and consists of a 360° clockwise rotation of the genital plate, a part of the body giving rise to the genital and anal structures in the adult.^[@bib49],\ [@bib50]^ This process is the sum of two 180° rotations of each of the two ring-shaped domains of the genitalia.^[@bib48]^ Initial insight into the cellular mechanism underlying this morphogenetic movement came from the mis-rotation phenotypes observed in certain cell death mutants, such as *hid*.^[@bib51],\ [@bib52],\ [@bib53]^ More recent studies determined the spatial and temporal patterns of apoptosis that occur at the boundaries of these motile domains, specifically when their movements begin.^[@bib48],\ [@bib54]^ Although their conclusions differ, the two latter studies provide interesting new insights into the roles that apoptosis could have during morphogenesis. In the first study, Suzanne *et al.*^[@bib48]^ proposed that local apoptosis could provide a mechanism for detaching each motile domain from one another as they are part of the same epithelium, thus giving them the degree of freedom required for their movement. This conclusion was based on the observation that inactivation of apoptosis in either one or the other rotating domain led to similar defects with a genital plate half-rotated. Further support came from the observation that genitalia rotation could be completely blocked by a total inhibition of apoptosis in both rings (40% penetrance). Live imaging of the rotation process using specific markers of each ring domain confirmed that each ring movement depends on the presence of apoptosis at its boundary, suggesting that each ring requires apoptosis to dissociate from the neighboring tissue. Therefore, it appears that apoptosis in this system serves to separate the moving parts of the genital plate from the neighboring tissue, acting like a 'biological scissor\' to sever tissues with different motile properties ([Figure 3](#fig3){ref-type="fig"}). An alternative possibility is that apoptosis may provide a force to actively promote rotation. Although it is difficult to imagine that apoptosis of a relatively small number of cells is sufficient to generate the driving force for the extenisve movement of two large domains, it may contribute force to the movement. Such a role would be consistent with the previous work on dorsal closure.^[@bib42]^ Along these lines, Kurunaga *et al.*^[@bib54]^ suggested that apoptosis may have a role in accelerating genital disc rotation. In support of this idea, inhibition of apoptosis specifically in the inner ring slowed down rotation, but did not completely block movement. Conversely, increasing apoptosis by expression of the pro-apoptotic Reaper protein at the boundary between the two moving rings accelerated genital rotation. These data suggest that apoptosis may not only separate the rotating rings, but also contribute to the force that drives the movement. The idea that apoptosis could be an accelerator is interesting; however, we know now that two different domains contribute to the rotation, each one turning 180°,^[@bib48]^ and this could totally change this interpretation. Two different explanations could be proposed for the deceleration observed when apoptosis is inhibited in only one rotating domain: either the acceleration of the rotation is affected or the release of the motile domain is compromised. Further experiments will help in clarifying this point.

Conclusion
==========

Despite considerable advances in the field of cell death research, we still know very little about how apoptosis contributes to tissue morphogenesis at the cellular level. Work on genital rotation in *Drosophila* and dorsal and neural closure in *Drosophila* and mouse suggests that apoptosis has an active role in reorganizing the cellular environment, either by inducing a rearrangement in cellular adhesion or by directly generating a tissue force. Thus, at least in some cases, sculpting through apoptosis can be viewed more like 'metal sculpting\' rather than 'stone sculpting\', where shape is created by modification rather than by the elimination of existing material ([Figure 4](#fig4){ref-type="fig"}). Here, the main purpose of cell death is not the progressive elimination of material, but rather the generation of local forces that alter tissue shape. However, at this time, the precise underlying mechanism remains elusive. It is possible that dying cells produce molecular signals to instruct neighboring cells, or that force is generated by cell detachment and/or physical elimination of cellular material. The dramatic morphological alterations of dying cells may induce a reorganization of the neighboring microenvironement that, along with biochemical signals between dying cells and neighbors, could influence cell behavior during epithelial morphogenesis. Altogether, these observations suggest that apoptosis generates a major sculpting force during morphogenesis. However, further studies are needed to determine both the molecular and mechanical signals produced by dying cells and how these might cooperate to shape tissue and organs. Here, we have described recent advances about the influence of apoptosis on the surrounding tissue during morphogenesis. It would be interesting now to determine if the force generated by apoptosis is more generally used in other morphogenetic processes involving cell migration, like in palate fusion. Similarly, further investigations are needed to determine if apoptosis is commonly used as a biological scissor during huge morphogenetic reorganization, like cardiac rotation in vertebrates.
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![Separation of the digits: an example of morphogenetic apoptosis acting as a stone sculptor. A schematic representation of a developing limb is shown with apoptosis indicated in red (up). When cells from the interdigital zones are removed, a new shape is revealed (down)](cdd201311f1){#fig1}

![Apoptosis acting as a pulling force. (**a;** up) Schematic representation of a dorsal view of a *Drosophila* embryo during dorsal closure. Apoptotic cells are indicated in red (in the amnioserosa), the force generated by apoptosis in the lateral epidermis is represented by the green arrows. Successive stages of dorsal closure are represented. (**a;** down) Representation of an apoptotic cells and its closest neighbors at higher magnification. The progressive stretching of the neighboring cells is proposed to be the origin of the pulling force generated by apoptosis on the surrounding tissue.(**b**) Dorsal closure defects when apoptosis pattern is modified. Dorsal closure can be either accelerated when apoptosis is promoted (left), or slowed down when apoptosis is inhibited (right)](cdd201311f2){#fig2}

![Apoptosis acting as a 'biological scissor\'. (**a**) Schematic representation of the genital plate of male *Drosophila* during genitalia rotation. Apoptotic cells (shown in red) allows the initiation of the rotational movement of the inner ring (left, red arrow), then of the outer ring (middle, red arrow). Each ring domain undergoes a 180° rotation. A higher magnification representing the cellular processes taking place at the boundary between the motile ring and the neighboring tissue is shown in the lower panel. Local apoptosis occurs at the boundary and is required to free the motile ring, suggesting its role in tissue detachment. (**b**) Schematic representation of defects observed when apoptosis is inhibited either in the inner ring (up) or in the outer ring (down) specifically. In each case, the ring in which apoptosis is impaired cannot move, only the other one can rotate leading to a final rotation of 180^o^](cdd201311f3){#fig3}

![Morphogenetic apoptosis acting as a 'metal sculptor\'. Schematic representations of the cellular rearrangements taking place during dorsal closure (left) or genitalia rotation (right). Apoptosis is modifying the surrounding tissue, either by creating a force in the tissue or reducing attachment, thus creating a new shape](cdd201311f4){#fig4}
